Although rnultistrajn cocktails of Listeria monocyrogenes are used in food inoculation experiments, no studies, to our knowledge, have been reported that use these cocktails in an intragastric mouse model. In this study, we used a five-strain L. monocylogenes cocktail consisting of strains Scott A. MFS 1011, IOIM, V7, and 310 and a four-strain L. monocytogene.v cocktail containing strains Scott A, EGD, H7738, and F2365. Here, we report that intragastric inoculation of anesthetized mice with approximately 10 CFU of a cocktail of L. monocvrogenes strains does not result (P > 0.05) in a more severe infection (on the basis of the CFU of Listeria spp. recovered from the spleen, liver, and blood) than inoculation of mice with similar numbers of the individual strains comprising the cocktail. Nor did we observe any consistent relationship between susceptibility of L. monocytogenes strains to inactivation in synthetic gastric fluid in vitro and virulence in mice.
these deaths represent fetal deaths or the death of immunosuppressed adults (16, 18) . Nearly all large outbreaks of listeriosis to date have resulted from the ingestion of foods, particularly ready-to-eat (RTE) meats contaminated with serotype 4b strains of Listeria rnonocvtogenes (9. 11, 20) . In contrast, the reported sporadic cases of listeriosis were caused by serotype 4b strains as well as strains displaying other serotypes of the pathogen (16, 26) .
In an effort to obtain a broad assessment of the ability of L. Fnonoc'vto genes to survive various food processing conditions (27) or to multiply on or within food products held at various temperatures or conditions, food microbiologists typically utilize multistrain cocktails of L. monocytogenes for inoculated package-challenge studies (21) (22) (23) 29) . The underlying rationale is that the use of several strains that vary somewhat in their intrinsic properties allows the microbiologist to gain a better understanding of the effectiveness of a given treatment to eliminate or inhibit the pathogen than might be observed if only a single and perhaps more sensitive or resistant strain had been used. In contrast, most laboratory animal studies of experimental usteriosis typically use a single strain of L. monocvtogenes, * Author for correspondence czupry [ ic@svin -vetmcd.wisc .edu.
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although more than one strain might be separately compared in different groups of animals in a given study. Except for competitive virulence studies in which antibioticresistant strains of L. monocvtogene.s are compared with other marked strains or their isogenic parent (1), we could not find any published reports that directly compared the in vivo virulence of a multistrain cocktail of L. monocytogenes with that of the respective individual strains. The purpose of this study was to assess a five-strain cocktail of L. monocyto,genes, similar to those previously described for assessing the viability of this pathogen in RTE meat products (21) (22) (23) , for its virulence in a mouse model of gastrointestinal listeriosis (6).
MATERIALS AND METHODS
Preparation of L l'wnocytogenes inoculum. The following strains of L. ,0000cvro genes were used to inoculate mice: Scott A (serotype 4h, clinical isolate (30)). 101M (serotype 4b, beef and pork isolate (10) ). V7 (serotype I, raw milk isolate (30)). MFS 108 (serotype 1/2h, beef and pork isolate (21)), EGD (serotype 1/2a, rabbit isolate, obtained from P. A. Campbell (2)), H7738 (serotype 4b, frankfurter isolate (4)), F2365 (serotype 4b. Hispanic-style cheese isolate (17) ), and 310 (serotype 4b. Feta cheese (14) ). Each of these strains was separately inoculated into 20 ml of brain heart infusion broth (Difco, Becton Dickinson, Sparks, Md.) and incubated overnight with shaking at 37°C. Following this incubation, the cells were harvested by centrifugation (1.000 X g at 4°C for 20 mm), resuspended in 20 ml of brain heart infusion broth containing 10% glycerol, and stored as 1-ml aliquots in cryovials at -70°C.
For each experiment, an aliquot of each strain was partially thawed at room temperature, and 0.5 ml was inoculated into 50 ml of brain heart infusion broth. The inoculated iiic'dium was in cubated overnight at 37°C with shaking at 150 rpm. The optical density of the bacterial suspension was read with a spectrophotometer at 600 nm (Smart Spec 3000, BioRad, Hercules. Calif.), and the numbers of CFU of L. nlonocvto genes were extrapolated from a standard growth curve. To prepare the inocula for mice, appropriate dilutions were made in sterile Dulbeccos phosphatebuffered saline (PBS: 0.01 M solution) to achieve the desired bacterial concentration. An equal volume (1.0 ml) of each of the similarly diluted cell suspensions was combined to prepare the cocktail (approximately 10 6 CFU/nil). The numbers of CFU in the inocula were verified by plating appropriate dilutions onto Trypticase soy agar containing 5 17c sheep's blood (Becton Dickinson. Franklin Lakes. N.J.) and counting colonies after incubation at 37°C for a minimum of 24 h. For some experiments, we used a five-strain cocktail containing strains Scott A, I01M, V7, MFS 108, and 3 10, whereas for other experiments, we used a fourstrain cocktail containing strains Scott A, EGD. H7738, and F2365.
Inoculation of mice. Female inbred A/i mice were used in all experiments. Previous studies in our laboratory showed that this mouse strain is more susceptible to L. monocw vgenes infeclion by the gastroinlestinal route than other strains (6). Mice were obtained from Jackson Laboratory (Bar Harbor. Maine) at 5 to 6 weeks of age and housed under microisolator caps at the University of Wisconsin-Madison School of Veterinary Medicine Animal Care Facility (AAALAC [Association for the Assessment and Accreditation of Laboratory Animal Care] certified). Mice were acclimated for at least 1 week in this facility before being used in an experiment. Mice received food and water ad libitum until 5 h prior to intragastric inoculation with Listeria spp., at which time food was removed from the cage. This was done to prevent mechanical blockage of the delivery of the listerial inoculuni by food within the stomach of mice that might subsequently lead to aspiration of the inoculum into the lungs. Mice were anesthetized by intraperitoneal injection of sodium pentobarbital (0.75 to 1 mg per 25-g mouse), as described previously (6). Once sedation occurred, the listerial inoculum was introduced (in a total volume of 0.2 ml) via a 3.81-cm 24-gauge stainless steel ball-end feeding needle attached to a 1-nil syringe. Five or six mice per experimental group were used in cacti of the experiments conducted.
Recovery of L. monocytogenes from the tissues of infected mice. At 72 li post inoculation, mice were humanely euthanized by asphyxiation with CO ., and then exsanguinated and cervically dislocated according to an animal use protocol approved by the University of Wisconsin-Madison School of Veterinary Medicine Animal Care and Use Committee. Recovery of L. inonocytogenes from the spleen and liver is a well-accepted measure of virulence in experimentally infected mice (28). We and others (6-8) have shown that the peak listerial burden in the liver and spleen of a nonlethal infection is generally reached at days 3 to 4 postinoculation. The numbers of CFU recovered from these organs typically begin to decline after that point and are generally below the limit of detection by days 7 to 10. In some experiments, blood was collected from all mice and deposited into individual syringes containing sodium citrate as an anticoagulant. The blood was then serially diluted in sterile isotonic saline and plated in duplicate (0.1 ml) on blood agar: these plates were incubated at 37°C to detect bacteremia with L. ,nonocvtogenes. Next, the abdominal cavity was aseptically opened, and portions of the the and liver were removed aseptically and further processed as described previously (6-8). These tissues were weighed in sterile weigh boats and placed into sterile glass tissue grinders (Wheaton Science Products, MilIville, N.J.) containing 1 ml of cold sterile saline.
The tissues were then manually homogenized to a liquid state, diluted in sterile saline, and plated in duplicate onto sheep's blood agar plates. The cecum and its contents were also removed aseptically, homogenized in saline as indicated above, and plated onto modified Oxoid agar (Alpha Biosciences, Baltimore. Md.) to distinguish the L. monocvto genes colonies from the normal flora of the intestinal tract. The inoculated plates were allowed to dry at room temperature and were then incubated at 37°C for at least 24 h. The colonies were counted manually, and the data were expressed as the mean ± standard error of the mean log CFU of L. tnonocvtogenes per gram of tissue (wet weight). Representative colonies were confirmed as L. monoc yro genes by evaluation of hemolysis on sheep's blood agar plates and by observation of tumbling motility by organisms grown in brain heart infusion broth at 22°C.
Effect of synthetic gastric fluid on survival of L. monocytogenes. Synthetic gastric acid was prepared as described previously (7) and adjusted to various pH levels that reflect neutrality (pH 7.0) or more acidic conditions (pH 2.5 and 5.0) with NaOH or HCI. respectively. Log-phase cells of L. inonocvtogenes were prepared as described above and then washed, resuspended, and diluted in PBS (0.15 M) to achieve a concentration of approximately 10 CFU/ml. The lislerial suspensions (0.25 jill) were placed into triplicate wells of a 24-well tissue culture plate, and then 2.25 ml of the synthetic gastric acid fluid was added to each well. The fluid in the wells was mixed by gentle circular rotation of the plate, and then the plate was placed on a rotator (75 rpm) in an incubator at 37°C. At appropriate intervals (0 to 60 mm), triplicate samples (0.5 ml from each of three wells) were removed, diluted, and plated in duplicate onto sheep's blood agar plates. The plates were incubated at 37°C for at least 24 h before the colonies were counted. The results are expressed as the mean ± standard error of the mean log CFU of L. nzonocytogenes per milliliter.
Statistical analyses. Data were analyzed with an analysis of variance by GraphPad Prism version 4.1 for Windows (GraphPad Software. San Diego, Calif. www.graphpad.com ). If a significant F value was obtained (P < 0.05), then the Tukey-Kramer test was performed to determine whether the means of the treatment groups differed from the controls.
RESULTS
The purpose of this study was to ascertain whether intragastric injection of A/i mice with a cocktail of L. monocvlo genes strains would yield a more useful model of gastrointestinal listeriosis than inoculation with any of the individual strains comprising the cocktail. Initially, we performed preliminary experiments, which indicated that a challenge dose of 10' CFU resulted in a reproducible level of infection in intragastrically inoculated, anesthetized mice (data not shown). We then compared the severity of infection in mice intragastrically inoculated with 106 CFU of a five-strain cocktail of L. monoc'ytogenes with that of mice inoculated intragastrically with 106 CFU of the individual strains comprising the cocktail. As illustrated in IOIM, both of which are serotype 4b strains reported previously by our laboratory as being virulent in this mouse model (6, 7). Strain 310 (>5 log CFUIg of liver or spleen) also caused a substantial bacterial burden in the spleen and liver, whereas mice inoculated with strains V7 or MFS 108 had substantially fewer numbers of CFU of L. monocrogenes in the liver (approximately 4 log CFUIg).
Because the Listeria spp. that enter the gastrointestinal tract must survive the harsh environment in the stomach, we next evaluated the susceptibility of the L. monoc ytogenes strains, individually and in combination, with regard to inactivation in synthetic gastric fluid adjusted to various pH values (2.5, 5.0, and 7.0). At pH 7.0, strains 310 and Scott A were inactivated to a greater extent (P < 0.01) than the other three strains or the five-strain cocktail ( Fig. 2A) . At pH 5.0, strain Scott A was also more susceptible (P < 0.01) than the other four individual strains or the five-strain cocktail (Fig. 213) . At pH 2.5, all five strains, tested singly or as a cocktail, were reduced by at least 5 log CFU/ml during a 60-min incubation period (Fig. 2C) , with strains Scott A and 310 being inactivated more quickly than the other strains of the cocktail. Thus, these data and those in Figure 1 do not illustrate any obvious and consistent relationship between virulence in the mouse model (as defined by the number of CFU recovered from the spleen and liver) and resistance to synthetic gastric fluid in vitro for the five strains of L. tnonocytogenes tested. The above results established that the inoculation of mice with a five-strain cocktail of L. monocvtogene.s, described above and similar to that used previously (21, 22), did not result in a more severe infection than the inoculation of mice with similar levels of each of the individual strains in the cocktail. This led us to consider whether the infection of mice with other combinations of L. monocvtogene,s strains would result in a greater listerial burden in the spleen and liver than observed in mice inoculated with the individual strains. Therefore, we prepared a four-strain cocktail of L. tnonocytogene.v strains consisting of strains EGD (serotype 1/2a), Scott A, H7738, and F2365 (the latter three strains were all serotype 4h). Mice were inoculated intragastrically with approximately 106 CFU of one of the individual strains or with 106 CFU of all four strains in combination. As noted above, mice inoculated with the four-strain cocktail did not exhibit significantly greater numbers of CFU in their spleens and livers (P> 0.05) than mice inoculated with any of the individual strains. The greatest numbers of CFU were recovered from the spleens, livers, blood, and ceca of mice infected with strain H7738 (Fig. 3A through 3D ). We found that strain EGD yielded fewer numbers of CFU from the the spleen and liver than the other three strains, but this achieved statistical significance only when compared to strain 117738 (P < 0.05). This is consistent with our previous report that mice inoculated intragastrically with strain EGD (serotype 1/2a) do not have as great a magnitude of CFU in their spleens and livers as mice inoculated with strain Scott A or other scrotype 4b strains of Listeria spp.
(7).
We then compared the abilit y of these four strains to survive in synthetic gastric fluid (Fig. 4) . At pH 7.0, only strains EGD and Scott A differed from each other (P < 0.05) in their resistance to synthetic gastric fluid (Fig. 4A) . At pH 5.0, the distinction among the strains was greater, with strain EGD being inactivated to a greater extent than the other individual strains or the four-strain cocktail (P < 0.01) and strain Scott A being inactivated to a greater extent than strains F2365 and H7738 and the four-strain cocktail (P < 0.01; Fig. 4B) . Al] four strains, used separately or as a cocktail, were rapidly inactivated at pH 2.5 (>5 log CFU/ ml within 30 mm), with strain Scott A being reduced to a significantly greater extent at 30 mm than strains F2365 and H7738 and the four-strain cocktail (P < 0.05) and strain EGD being reduced to a greater extent than strain F2365 (P < 0.05; Fig. 4C ).
DISCUSSION
There is a need to better understand conditions that allow L. m000cvtogenes to colonize and multiply in or on various food products. A number of food microbiology studies have used cocktails consisting of several strains of L. mnonocvrogenes in combination to obtain a broader evaluaticn of its fate in foods (21-24) . The use of cocktails is included in standard methods for assessing the anti]isterial effectiveness of food formulations and processing interventions (23). The inclusion of a cocktail of L. monocytogenes strains in the inocula administered to animals in an experimental study might also offer advantaes in terms of pro-
Time (mm) viding a more consistent and robust infection model for evaluating the pathogenesis of foodborne listeriosis. We were unable to find any previous reports that directly coinpared the ability of various strains of L. monocvtogenes to cause gastrointestinal infection when inoculated individually or in combination in mice. There is a previous report of a cocktail of L. monocyfogenes strains being used to establish a nonhuman primate (rhesus monkey) model of stillbirth (25) . Although the small number of animals available in that study precluded an analysis of individual strains in the cocktail, stillbirths were observed with some of the strains used in that study (including Scott A). Thus, this earlier report (25) and the present study both suggest that some strains in a cocktail of L. monocvto genes have a greater effect in vivo than other strains. For this study, we first chose to evaluate a five-strain cocktail of L. monocvto genes similar to that described previously for food challenge studies (21, 22) . Although we could not identify the fate of individual strains in the cocktail, we were able to infer from our analysis of the individual strains that much of the virulence of the five-strain cocktail could be attributed to two serotype 4b strains contained within it (Scott A and lOiM) . When tested individually, the other strains were of lesser virulence in mice following intragastric inoculation, with the numbers of CFU of L. tnonocvto genes recovered from the spleen and liver as a measure of virulence. One strain (strain 310) displayed an intermediate ability to cause systemic infection in mice, whereas the two remaining strum (i.e.. strains MFS 108and V7) were recovered in relatively low numbers from inoculated mice. Our finding that certain strains in the cocktail are recovered in greater numbers from inoculated mice is similar to that of Porto et al. (21) , who found that one strain (MFS2) in a five-strain L. mnonoeviogenes cocktail outcompeted other strains on experimentally inoculated and vacuum-packaged frankfurters during extended refrigerated storage for up to 90 days.
Some of the strains used in the five-strain cocktail were environmental isolates and, as such. might be less virulent than the clinical isolates recovered from foodborne disease outbreaks (12) . We decided to repeat the experiment with a different cocktail consisting of four strains that were either previously described for their ability to infect mice or responsible for large listeriosis outbreaks (7, 11, 17) . Here, too, we found no evidence that inoculation of mice with a combination of strains would result in a greater listerial burden in the spleen and liver than inoculation of mice with a similar number of cells of the individual strains of L. mnonocvto genes used in the cocktail.
There is some controversy regarding the precise pH of the murine stomach. Several studies estimate it as being near pH 4 to 4.5 (5, 15) ; however, there is evidence that it varies depending on the sex of the animal (19), on whether or not the animal has been fed recently (19), and on its proximity to the surface of the gastric mucosa of the animal (3). As a result, we chose pH 2.5 and 5.0 as extremes for the range that might be observed in the murine stomach, rather than attempting to directly reproduce gastric pH.
Ii, These values also reflect the range of pH values that might be found in the normal human stomach (2.5) or after a person has taken an antacid (5.0). Although we observed some differences in resistance to synthetic gastric fluid among the various L. monocyto genes strains, these did not display an obvious relationship with the ability to cause a listenal burden in the spleen and liver in mice. For example, in some instances, strain Scott A was less resistant to synthetic gastric fluid (e.g., Figs. 2B and 4B) , and yet it was one of the most successful strains at infecting the spleen and liver in vivo (Figs. I and 3 ). Our interpretation of these data is that, although synthetic gastric fluid mimics to some extent the milieu of gastric secretions, it does not represent the entire series of challenges that L. molwcvtogenes must overcome to translocate from the gastrointestinal tract and cause systemic infection of the spleen and liver. Alternatively, perhaps our inoculation procedure does not allow the listerial cells to be exposed to the environment of the stomach for a long enough time in vivo to dramatically affect the subsequent ability of the listerial cells to infect the spleen and liver. These findings indicate that the severity of infection following intragastric inoculation of mice with a cocktail of L. Jnonocvtogenes strains is dependent on the intrinsic virulence of the individual strains that comprise the cocktail. Our data reported herein establish that combining strains in a cocktail is neither additive nor synergistic. Because the initial strains were not tagged in a manner that would allow us to follow their fate in vivo, we cannot discern whether there were any cooperative or antagonistic interactions among the strains in the inoculated mice. We think it most likely that the total number of CFU recovered from mice inoculated with the cocktail reflects the average CFU of the strains inoculated. Simply stated, use of a combination of strains does not potentiate the severity of the infection beyond that of the individual strains in the mixture. Thus, it is not likely that the use of multiple-strain cocktails will improve our ability to assess the pathogenesis of listeriosis by known virulent strains. However, if strains of unknown virulence were to be screened, pooling these into multiple-strain cocktails might provide a means of more rapidly identifying those strains with greater virulence in a mouse model.
monocytogenesfrom the spleens (A), livers (B). blood (C), and ceca (D) of mice inoculated intragastrically with 106 CFU of the indicated individual strains of L. monocytogenes or the four strains in combination (4SC
There are advantages to the use of cocktails of L. monocytogenes strains for the food survival-multiplication studies for which they were originally intended (21) (22) (23) (24) . In that case, it is clear that screening multiple strains increases the likelihood that differences in susceptibility to some environmental condition that might be encountered in the processing plant-or later in the food distribution chainwould he identified that could have an appreciable effect on the subsequent ability of the Listeria spp. to survive or multiply in a given food product (27). Although survival in a food product is critical for a foodborne disease outbreak, in experiments designed to assess the virulence mechanisms of L. ,nonocvtogetles strains, animals are injected with relatively large numbers of listerial organisms (in our study, 10 6 CFU) sufficient for a virulent strain to cause substantial systemic infection. The addition of a strain low in virulence potential to the inoculum, despite its ability to survive one sort of environmental challenge or another, is not likely to be particularly informative in terms of assessing mechanisms of pathogenesis. An exception to the above comment might occur when mice are inoculated with a combination of L. tnonocVtogetleS strains (e.g.. strains that have been grown on a particular food product or under a particular environmental condition) that affects the expression of a virulence determinant to a greater extent in one strain than in another. In summary, this study provides no evidence that intragastric inoculation of mice with combinations of strains of L. monocvto genes grown under standard conditions in bacteriological broth, offers advantages over inoculation with the individual strains of the cocktail. On the basis of the low recovery of sonic environmental strains from tissues of inoculated mice, it is recommended that future efforts to address the pathogenesis of gastrointestinal listenosis use combinations of strains either proven to be virulent in vivo or associated with human foodborne disease outbreaks. 
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